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Pressure-drag

SUMM4RY

coefficientsad thechangesinthesecoefficients
withmass-flowratiohavebeenmeasuredintestsof sixopen-noseconical
cowlsat an angleofattackof0°. ThetestswereperformedintheAmes

. 8- by 8-inchsupersonicwindtunnelatMch numbersfrom1.3to1.9and
at a Reynoldsnumber,basedon themodelreferencediameter,ofabout2.4
million.Themodelshadcowlanglesof 5°,10°, and15°,andthe5°cowl

. wastestedwithfourlipshapes- froma sharptoa relativelyblunt
leadingedge.

Theresultsof thetestsshowthat,forcowls&Les lessthanabout
5°,themetiaodofFraenkel,whichdoesnotaccountforlipshape(R.A.E.
TN 238Q,1950),isadequateforpredictingthedecreasein cowlpressure
dragwitha reductioninmass-flowratiofrom1.0 to about0.8. Forsuch
slendercowls,themagmitudeof thisdragreductiondecreaseswithflight
bhchnumbersothatitbecomesinsignificantatMachnumbersgreaterthan
about2. Forcowlanglesof10°or15°,thedragreductioncanbe much
greaterthanthatpredictedby theslender-cowltheorysincecowlangle
isthedominantparameter.However,thisrelativelylargedecreasecannot
compensateforthehighdragofthesecowlsat fullflow.

INTRODUCTION

Theusualmethodofpredictingthedragofan air:inductionsystem
througha rsmgeofengineoperatingco@itions.ata certainflightMach

. numberisto estimatethecomponentsof thenetdrag. (Asshowninref-
erence1, netdragisa termconsistentwiththeconventionaldefinitions
ofnetpropulsiveforceandnetthrust.)Thenetdragisthe6umof the* pressuredragonthecowlat fullflow,thechangeinthisforceasmass
flowisreduced,thescoop

P-
cr.emental-oradditivedrag(dependingon

S(‘
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whetherornota forebodyinterfereswiththe

NACARMA56C06

enginestreamtube),andthe .
skinfriction.As discussedinreference1, thenetpressure&g in sub-
sonicflightis zeroiftheflowisirrotational.outsidetheboundary
layer.Also,itwasshownthat,insupersonicflow,theorycanreliably .
predictthepressuredragof isolated,symmetricalcowlswithfullflow
forpracticalcowlanglesandtheadditiveQragof suchcowlsat the
reducedmass-flowratiosencounteredinnormalflight.However,existing

&

evidenceshowsdiscrepanciesbetweentheoryandexperimentanddoesnot
resolvethesignificantpars.metersforthechangeincowlpressuredrag
withdecreasingmass-flowratio.
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Theoreticalmethodsfor
predictingthedecreasein
cowlpressure-dragcoeffi----—
cientwithmass-flowratio
arepresentedinreferences
2 through5. A SUIIMIELryof
thesetheoreticalresults,
togetherwithexperimental
measurements(refs.6 through
XL)forcomparison,ispre-
sentedintheadjacentsketch. .
Theratioofthereduction
in cowlpressure-dragcoeffi-
cienttoa decreaseinmass- - - .,
flowratiofrom1.0to 0.8

A$p[1 isplottedas
‘(ml/%)008
a functionofflightMach
number.Thecorresponding
increaseinadditivedrag
coefficient(ref.12)

MD

-[ I

A isalsopre-
‘(mL/%)008

se=tedto illustratethe
relativemagnitudeofthe
reductionincowlpressure

dragandto s??qwthattheadditivedragisa dominatingforcee;enatlow
supersonics eeds..In compilingtheinformationofthissketch,itwas

‘1assumedthatthevariationsofthecowlandadditivedragcoefficients,
Cm and CDAywit%mass-flowratiowerelinearfrommass-flowratiosof
1,0to0.8. Inthis.range,thenonlinearitypredictedby theoryis small., -.
particularlyatMachnumbersgreaterthan-..l;l;infact,thedeviationfrom
linearityis so smallas tobe withinexperimentalaccuracy.
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Intheirtheoreticalpredictions,FraenkelandSeddon(refs.2 and3).
usemomentummethodsandassumethatthecowlis completelyi?mnersedin
a subsonicflowfieldat sta~ationconditionsdeterminedby theexternal

-. normalshockwave. Seddoninterpretshisresultsby dividingtheadditive
dragintotwoparts,waveandseparationdrag. Themximumseparation
dragistakentobe thelocaladditivedragofthesubsonicflowbehind
thenormalshockwave,forthiswouldbe thenetpressuredragofa thin-
wallcylindricaltubein subsonicflowandwouldbe theresultof separa-
tionfromthelipsat redticedmass-flowratios.The@ximumwavedragis
takentobe thedifferenceof theover-alladditivedragandthissepara-
tiondragandisequalto thequantitythatFraenkeldeterminestobe the
sumof theadditivedragandthechangein cowlpressuredragfromfull
flow. Thus,the A

9
ofFraenkelisequalto thenegativeofthemaxi-

mumseparationdrago Seddon.Incomparinghismethodwithexperiment,
Seddonadjuststheproportionsofwaveandseparationdragaccordingto
cowlandlipshapetoaccountforthefactthatno considerationwasgiven
to effectsoriginatingdownstreamoftheinletplaneinthissubsonicflow .
field.

ThetheoreticalpredictionofGraham(ref.4) andMoeckel(ref.~)
areforlipthicknesseswhichwe’rechosentoyroducethemax@umsuction
forceattainableaccordingto theconditionsassumedintheanalyses.. Thisoptimumlipthicknessisa functionofflightM&chnumber.Also,it
wasassumedthata vacuumismaintainedovertheprojectedfrontalarea
ofthelip. Bothoftheseinvestigationstakethecowltobe simplya

● straighttubeandconsiderthedragonlytoa fixedsonicpointonthelip.

Comparisonof thepredictionswithexperimentalresultsobtainedby
measuringpressuredistributionsonmodelswithsmallcowlangles(refs.
6 and7 wheretheratioofmaximumcowlfrontalareato inletarea
AM/A1= 2) showsagreementas tothetrendthatthecowlpressuredrag
coefficientfora givenchangeinmass-flowratiodecreaseswithincreas-
ingMachnumber.However,themagnitudeof themeasuredreductionin
dragcanbe greaterthanpredictedpossibleby GrahamandMoeckel,par-
ticularlyforthelargercowlangles(e.g.,A~A== 4.10).Fraenkel
apparentlyoverestimatesthepressurewhichisattaineddownstreamand
therebyunderestimatesthepossiblesuctionforce.Seddonadjustsaccord-
ingtotheexperimentalconditionsandfindsthatthedragof sharpthin
lipsisdominatedby theseparationdragat lowsupersonicspeeds,but
thatthewavedragrapidlybecomesmoreimportantasMachnumberis
increased.Also,theseparationdragaccountsforthenonlinearityof
thevariationof cowlpressuredragwithmass-flowratio,andthisbecomes
importantatlowflowrates.

Thedatafromtestsinwhichonlytotalforcesweremeasured(refs.8.
throughU.)showlittleconsistency;thismightbe expected,foraccurate
measurementsof thevariationofa relativelysmallforcearedifficultto

●
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obtainandalsothereisno assurancein suchteststhat
forceistheonlydependentvariable.However,thedata
effectoflipshape.

NACARMA56C06

thecowlpressure
do suggestsm

.

To clarifythesediscrepanciesandto substantiatethetrendshdi-
.

catedby theo~,a seriesofpressure-distributionmodelsof open-nose
conicslcowlswere~estedat l&chnumbersfrom1.3to1.9.

—
Themodels

hadcowlanglesof 5°,10°,and15°, andthe5° cowl was testedwithfour
lipshapes,froma sharptoa relativelybluntleadingedge.

SYMBOLS

A

Cp

d

L

1?

Pt

r

R

v
x

Y

A

area,sq in.
drag

dragcoefficient,basedon inletarea,—
P-Pm Ql

pressurecoefficient,~

diameterof inlet,2R,.in.

lengthof COW1 to rr, in.

IIW3Sflow,slugs/see
P=V..Al

mass-flowratio,—~ VWAI
hhchnumber

staticpressure,lb/sqin.

totalpressure,lb/sqin.

dynsmicpressure,lb/sqin.

radius,in.

radiusfrommodelcenterlineto center.oflipradiusr, in.
(seefigo2)

velocity,ft/sec

axialdistancefromlipleadingedge,in.

locallip ordinate,in.

incrementalvalue

k~c, .

m

●
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e cowl angle, deg

P massdensity,slugs

m

1

1.0
0.9
0.8

1

A

d

L.
M

9
N

P

r

vac

Subscripts

free-streamconditions

stationat x =

mass-flowratio

additive

dead-airregion

lip

maximum

net

pressure

o

atwhichdragmeasured

referenceradiusofmodel,1.5 in.

vacuum

5.

APPARATUS

ThetestswereperformedintheAmes8-by 8-inchsupersonicwind
tunnelwiththeequipmentdescribedin reference13. A photographof
themodelmountedinthewindtunnelis showninfigure1. Theconical
portionwasremovablesocowlswithotherlipshapesandcowlsaglescould
be tested.Thedimensionsof thesecowlsandthelocationsof static-
pressureorificesusedtomeasurethepressuredistributionsareshownin
figures2 and3. Themassflowthroughtheductwasmeasuredwitha cali-
bratedorificemeter.

.
Thecowlmodelswerechosentoprovideinformationontheeffects

cowlangleandoflipshape.Models1, 2,and3, and6 sU hada cowl.
of
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angleof 5°_butdifferentlipshayesandthicjmesses...Model1 hada ShWJ3
lip;model2 hada lipwitha semicircularprofile;andmodels3 and6 had

.—

lipsofellipticalprofile,butofdifferentthickness,witha ratioof
major-to-minoraxis.lengthof 3.6as re”comneni-edinreference1. &e lips .
ofmodelsk and5 wereellipticalwiththesame”internalordinatesas
model3,butwithcowlanglesof10°and15°,””respectively.i!’heprofile “- -
ofthecowlswasa straighttaper,for,as showninreference1, this
shapeisverynearlythatforminimumdrag. —

TEST

Themethodof~erfmmingthe
andReynoldsnumberaidtopermit

PROCEDURE

testswasto setthedesiredMachnumber
fullflowthroughtheduct. Theflow

ratewasthenreducedwithmeasurementsofmassflowandstatic-pressure
distributionbeingtaken.Thisprocedurewas.repeatedfordifferentMach
numberswithtotalpressureadjustedtomaintainessentiallya constant
Reynoldsnumber.Becauseofwind-tunnelblockage,compressor,andsupport-
interferencelimitations,therangeof conditionsatwhichreliabledata

.

wereproducedisasfollows:
.

Models Machnumber
1,2, and3 1.34- l.@

4 1.41 - 1.88
●

5 1.51 - 1.88
6 1.41 - 1.88

TheReynoldsnumbervariationduringthetestswasfrom2.34x10S
to2.56x10g,basedona modelreferencedisme~-erof 3.0inches.Allthe
testsweremadeat zeroangleofattackandmeasurementsweretakenat
mass-flowratiosfromthemsximumtoabout0.7.

METHODOFDATAREDUCTION

Althoughthemainobjectiveoftheinvestigationwastodetermine
onlyincrementaleffectsof changesinmodel@ape andflow.conditions,
itwasconsidereddesirableto estimateabsolutevaluesofthepressure ——.
anddragcoefficientsinorderto obtainresultscomparableto other
investigations.Thus, thedatahavebeencorrectedforstatic-pressure .-—
gradientsthroughthewind-tunneltestsection.Thenecessarycorrec-
tionsweredeterminedby comparingthemeasureddistributionofthe5° .
cowlwitha sharplip(model1) operatingatfull
butioncalculatedby themethodofreference14.
illustratedinfigure4. Thecoqarisonsat~ch

flowwiththedistrl- .-
Thiscomparisonis
numbersof1.41and1.88 .
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. representthegreatestdifferencesencounteredin
1.60Machnumberaretypicaloftheotherspeeds.

7

thetests;thedataat
Sincethetheoryis

knowntobe reliableforsharplipssndsmallcowlangles,thedifferences
. inthesedistributionswereusedas correctionsforthenonuniformflow

conditionsexistinginthewindtunnel.Thedata.takenat reducedmass-
flowratiossndon othercowlswerecorrectedby addingthedifferences
forcorrespondingtestconditions;thus,ithasbeenassumedthatthe
correctionsarenotsignificantlyaffectedby therelativelysmallmass-
flowanddimensional.changesofthesetests.Althoughthegreatestdif-
ferencesrepresentlargepercentagesof the,localpressurelevel,aswill
be demonstratedlater,theseerrorsareof secondarysignificanceinterms
oftherelativedragof severalcowlstestedat thesametunnelconditions
or intermsof thevariationofdragtithmass-flowratioofa givencowl.
Thereliabilityof thecorrectionsisindicatedby theconsistencyofthe
pressuredistributionsobtained.

.

As indicatedinfigure4, thepressuredistributiononlongtapered
cowlsapproachesas anasymptotethepressurecoefficientofan equivalent
cone.However,sideinterferenceaffectedtheexperimentaldatabefore
theasymptotewasverycloselyapproached.Thesourceof’theinterference
wasm e.qansionfromthetrailingedgeof themountingplateshownin
figure1. Thedatathatwereinfluencedby thisexpansionareshownin
figure4 by thesymbolswitharrows.Thecorrectionusedforthisexpan-
sionwasthesameas thatfortunnelpressuregradient,thatie,thedif-
ferencebetweenthetheoreticalpredictionandtheexperimentaldatafor
a sharp-lip5° cowl.Becauseof thelargecorrectionthatisrequired
at thedownstreamorifices,thesedatawerenotusedh theintegration
ofthepressuredistributionsto obtaindragcoefficients.Themsximum
radiusof themodelswasselectedtobe 1.5inches,andthepressureW%
forallcowlswereintegratedto thecorrespondingaxisLstationto obtain
drag.

ACCUMCY

Theaccuracyofthedatawasestimatedbyconsideringthemagnitude
of thecorrections,thescatterfromrepeatedruns,themanometerlag and
readingerror,andtheroot-mean-squareuncertaintywheremultipleterms
areinvolvedinthecalculationofa particularparsmeter.Estimatesthus
obtainedaresummarizedinthefollowingtable:

.

.



8 NACARMA5&06

Parameter
P
I?t
J&

mJ%

Cp
CD
%A

A(III=/%)

.—m. .
ko.ol

[

*0.4percentrelativeuncertaintyin
a givenrun

N percentuncertaintyinabsolute
valueduetouncertaintyin&

M.02
io.oo2 .- ——

.

—

—
—.

m.025 —

Themaximumscatteroftheexperimentaldataiscomparabletotheseestf-
mateduncertaintiesexceptforthedragcoefficient.Formodels1, 2, 3,
and6,the-maximumscatterofa fewindividualdatapointswas*0.0035
froma straightlinedrawnthroughthedata~orthevariationofdrag
coefficientwithmass-flowratio.Formodels4 and5,thismaximunscatter
wasizO.01becauseof themuchlargerdragcoefficients.Thus,fordrag
coefficient,theusualuncertaintyisas estimated,butina fewinstances
theerrorswereconsiderablygreater.However,theseoccasionalandincon-
sistentdeviationsfromthegeneraltrendarenotbelievedtobe signifi-
cantinaffectingthemainconclusionsoftheinvestigation.

.

.

Todeterminethestagnationpressureatan inletlip,itwasassumed
thatthestagnationstreamlinepassedthrougha normalshockwave, In
orderto checkthisassumption,thestagnationpressurewasmeasuredfor
a rangeofmass-flowratiosby threedifferentmethods;thesewere

—

[
1)measurementsweremadewitha total-pressuretubeplacednearthelip;
2) schlierenphotographsweretakentodeterminetheinclinationofthe
externslshockwaveon thestagnationstreamline;(3)themaximumpressure
indicatedby theleading-edgestatic-pressure..ori,ficeswasrecorded.TQe
totalpressuresobtainedfromtheassumptionwereinagreementwiththe
measurementswithintheexperimentalaccuracy.

.=—

RESULTSANDDISCUSSION

PressureDistribution

Representativepressure-distributiondataarepresentedinfigures5
through8 in termsof-pressurecoefficientCp as a functionoftheratio .
oflocalfrontalareato inletarea A/Al. Thisindependentvariableis
usedbecauseit spreadsthedatanearthelipleadingedge,anditis

.-

convenientbecausetheareasbetweenthecurvesandtheabscissaarepro- -
portionalto thepressure-dragcoefficient._Valuesof A/Al lessthan
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. 1 indicatesurfacesinsidethemodels.DataarepresentedfortwoMach
numbers,1.51and1.88,andfora rangeofmass-flowratios.Theeffects
oflipshapeandthicknessareillustratedby a comparisonof figures5,

. 6, and7, whichshowdataformodels1, 3j and6; thecowlanglesarethe
same,5°) butmodel1 hasa sharpleadingedge,smdmodels3 and6 have
ellipticallipsofdifferentthickness.Theeffectof cowlangleis shown
by comparingfigures6 smd8 whichareformodels3 aud5; theyhavethe
sameleading-edgeshapebutcowlanglesof5°and15°.

Sincethedatahavebeencorrectedtoagreewiththeoryat fullflow,
forthesharp-lipcowl(fig.5), thepressurecoefficientsat theleading
edgeapproachthoseofa two-dimensionalwedgeof5° semiapexangle,and
downstreamthecoefficientsapproachthoseofa coneof 50 semiapexangle.
Forthereducedmass-flowratios,thepressurecoefficientsimmediately
downstreamof theleadingedgehavebeenassumedtobe thosepredictedby
themethodofChapman,Kuehn,andLarson(ref.15)fordead-airregions
causedby turbulentboundary-layerseparationfroma sharpedge,andthe
curveshavebeenarbitrarilyfairedto thesevalues.ActusJJy,the
boundarylayerovertheseparationbubbleisprobablytransitional(that
is,transitionoccursbetweentheseparationandthereattachmentpoints),
and,ifthisisthecase,thepressurecoefficientswouldbe somewhat

. greaterinmagnitude.However,thereis onlya smallchangeintheslope
ofthedragcurve(i.e.,Af&/A(m,/%))if ~r separationisass-,
andthetransitionalseparation

. thoseforls.minarandturbulent
pressurecoefficientspredicted
a vacuumat theleadingedge.

wouldproduceresultssomewherebetween
separation.It is seenthattheminimum
areabouthalfof thosecorrespondingto

Fortheroundedlips(figs.6, 7,aad8)themaximumpressurecoeffi-
cientsmeasuredindicatethatthestagnationpressureona lipisvery
nearlythatexistingbehinda normslshockwaveoccurringat thefree-
streamlhchnumber.On thedownstreamportionofthecowl,thepressure
coefficientsareneartheconicsllvalueata distancesomewhatgreater
thsman inletdiameter.Forallmass-flowratios,theflowoverexpanded
immediatelybehindtheleadingedgeandreachedminimumpressureabout
wherethestraighttaperofthecowlistangentto thecurvedleadingedge.
Thesonicpoint,as calculatedfromtheassumptionthat.thestagnation
streamlinepassedthrougha normalshockwave,isineveryinstance
betweenthefirsttwoexternalorifices,orveryneartheleadingedge.
Theminimumpressurecoefficientsdecreasewithmass-flowratiountil.the
flowseparates.Separation,as indicatedby a regionof constantpressure
coefficient,apparentlyoccursat a mass-flowratioofabout0.8forthe
roundedlipstestedwiththe5° cowlangle.Forthe10°and15°cowls,
separationoccursat lowermass-flowratios,about0.75. Theprediction

. ofthepressureintheseparationbubbleby themethodof reference15 is
in goodagreementwithexperimentf?rthethinnestlipof ellipticalpro-
file(model3, fig.6(b))whenturbulentseparationisassued. In fact,. thepredictionwasin closeagreementforbothof therelativelysharplips
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(models21and3),andtheminimumpressurecoefficientswereabouthalf
of thosecorrespondingtoa vacuum.Forthebluntlips(models4,15,
and6),-pressurecoefficientsfrom60to75percentofthosefora vacuum
werereached.Thesepressuresonthebluntershapesmightbe expected
becausetheminimumpressurecoefficientsattainedona circularcylinder
withitsaxisnormalto theflowareaboutthree-quartersofthoseofa
vacuum.(Seeref.16.) Downstreamoftheminimum-pressurestation,the
flowisrecompressedabruptlyby an obliqueshockwaveas shownby the
typicalschlierenphotographof figure9. Thisshockwave,althoughvery
weak,occursevenat themaximummass-flowratiosattainedinthetests,
as shownby thepressuredistributionsoffigures6(b),7(b),and8(b)at
mass-flowratiosofabout0.99.

.

.

ChangeinCowlPressureDragWithJWS-F1OWRatio —

Figure10 showstheintegratedcowlpressuresinter?gsofdragcoef-
ficient~ as a functionofmass-flowratioforsomeofthecowlshapes
forwhichthepressure-distributiondatawerepresented_previously.It
isevidentthattheexperimentalvariationcanbe eithergreaterorless
thanthatpredictedby theory,dependinguponthe COW1.ComparisoniS ●

madeonlywithFraenkel:stheoryat oneMachnumberbecausethereisthe
samelackofagreementat theotherI&chnumbersandwiththeother
theories.Model5,thatwiththe1P cowlangle,hassixtimesthedrag .
ofthe5° cowlatfullflow;ontheotherhand,ithasfivetimesthe
decreasein cowlpressuredragwitha decreaaeinmaqs-floyratio..LiP6,
whichrepresentsthethickestlipofthe5°anglecowlsproduceslessdrag
thanlip3,althoughthedifferenceisrelativelysmallincomparisonto
thepressuredragofmodel5. Thedataformodels3 smd6 areplottedto
an expsmdedscaleto showthelinearityofthevariationofcowlpressure
dragwithmass-flowratiofortheincrementfrom1.0to 0.8. % .

CowlPressureDragata GivenMass-FlowRatio

Figure11 showsa comparisonofthecowlyressure-dragcoefficients
ata mass-flowratioof0.95fortheI&chnumberrangeofthetests.

~is -. _.

mass-flowratiowaschosenbecausethemaximummass-flowratiosformodels
withlipsofvaryingbluntnessweredifferentforeachmodelandnotalways
equalto1. As mentionedpreviously,to obtaindrag,pressureswereinte-
gratedto thelongitudinalstationatwhichthemodelradiuswas1.5inches; __
thus,thesedragresfltsshowtheeffectof cowlangleformodelsofvary-
ingfinenessratioforwhichthemaximumdiameterisconstant.Thedata .
showthatthedmg increasesrapidlywithcowlangleandthattheeffects
oflipshapeandthicknessarerelativelysmall.Thetheoretical

lPressure-distributiondataonmodels2 and arenotpresented .
becausetheydo notdemonstrateanythingsignificsl’lt,
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predictionsshownon thefigureareforshsrD-liDcowlswithfullflowas
determinedfromfigure11 o~reference
isfaireventhoughtheconditionsare
theory..

ChangeinCowlPressure
Ratioas a Function

1. I: is-seenthattheagreement
notexactlyas assumedinthe

DragWithMass-Flow
ofMachNumber

Figure12 showstheratioof thereductionin cowlpressure-drag
coefficienttoa decreaseinmass-flowratiofrom1.0to 0.8as a func-
tionofMachnumber.Theverticallinesthroughsomeof thepoints
representtherangeofpossibleslopesthatcouldhavebeenfairedthrough
themeasureddata. Forpointswithoutverticallines,thereliabilityof
thedataistO.025,as illustratedinthefigure.It is seenthatthe
trendpredictedby thetheoriesissubstantiated;thatis,thequantity
-AC~/A(m~~) decreaseswithincreasingMachnumber.However,the
reductionindragduetothechangeinmass-flowratioisgreaterthan
predicted.Rathersurprisingly,andcontrarytoa statementinrefer-
ence1,page65,thesharpestlipon the5° cowlconsistentlyhasless
dragat reducedmassflowthando theroundedlipswhichdo nothaveany. extensiveseparationovermostof therangeof testconditionscoveredby
thesedata. Thisresultispresumablycausedby thefactsthathighpres-
suresactona smallerfrontalareawiththesharplipandthatseparation.
distributesnegativepressurecoefficientsovera greaterfrontalareathan
fortheothershapestestedwiththe5° cowl.The10°and15°cowlshave
a muchgreaterdragreductionwithdecreasingmass-flowratiothando any
ofthe5° shapesbecause,relativeto thegreatercowlpressuresat full
flow,a decreaseinmass-flowratiocauseslowerlocalpressuresnearthe
leadingedgeanddistributesthese10.wpressuresovera greaterfrontal
area.

Thecurvesof figure
comparisonsaremadewith

12havebeencross-plottedinfigure13, and
datafromotherinvestigations.Thevariations

[1AC
%of — withcowlangleatMachnumbersof1.4and1.8are

@J%) o ~
.

shown.Thestronginfluenceof cowlangleisseentobe linearwithin
theaccuracyofthedata.
sharp-lipprofilehasless
allthecowlanglestested

.

-

Forthessmedecreaseinmass-flowratio,the
pressuredragthantheellipticalprofilefor
inthisandtheotherinvestigations.

--emFrmmmQ
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Thedataofthisinvestigationshowthatcowlangleisthedominant
parameterindeterminingthereductionin cowlpressuredragwitha

●

decreaseinmass-flowratioin supersonicflight.A relativelylarge
cowlanglecanprovidea largedecreaseindragasmassflowIsreducedj
butthisdecreaseis gainedat theexpenseof greaterdragat fullflow.

.-

To illustratetheseconflictingtrendsinregardtonetwavedrag,which
istheforce.of interestindeterminingperformance,dragcoefficients —
fromthepresentinvestigationhavebeentabulatedto showtheeffectsof - .
cowlangle,lipshape,mass-flowratio,andMachnumber. .—

I m= 1.4 -1
L

Model
@Jo.9 @Jo.. (cDA)o.s(%A)o..P%)...(%)..,(%)..8

1 (50cowl
sharplip) -0.033 -0.066 0.103 0.206 0.052 0.122 0.192

3 (50cowl
elliptical-.020 -.040 .103 .206 .070 .153 .236
lip) .

4 (100cowl) -.033 -.106 .103 .206 ●315 .365 .415
5 (150cowl) -.080 -.160 ●103 .206 .60 .62 .65 .

M = 1.8
1 -.018 -.036 .128 .256 ●050 .160 .270
3 -.013 -.026 .128 .256 .082 .197 .312
4 -.040 -.080 .128 .256 .327 .415 .503
5 -.057 -*U4 .128 .256 .546 .617 .688

Inthetabulationof(%) ,itisassumedthatthereisa negligible
1.0

changein cowlpressuredragresultingfroma.changeinmass-flowratio
fromthemaximumto 0.95;thecolumnthuscontainsvsluestakenfrom
figure11. Thisassuqptlonis justifiedby therelativemagnitudesof

(%)thedragcoefficients;thatis, C
()

~.. isactuallylargerthan C% 0.95’
buttheerroris smallin comparisonto themagnitudeof ~ inthecase
of theslendercowls,orin comparisonto ~ forthebluri$cowls.The
quantityAC% isthedragincrementbetweenamass-flowratioof1.0and
either0.9or0.8.

It isapparentfromthistablethatfor.slendercowls(i.e.,6 about
5°)~ canbe a sizableportion”ofC

(%)
butbotharedominatedby .

1.0
CDL. Forbluntcowls,A

%
cancounteracta-sizableportionof ~ ,but

thenbotharedominatedby
(%)

● hThus,dragincreasessofastwi .
1.0

&jj$!T!. ‘“ ‘
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increasingcowlangleandexternaldiffusionof theenteringstream-
thatthedecreasein cowlforcewithdecreasingwss flowcannot

counterbalancetheformerfactors.A lownetwaveGag req..ressmall
. cowlanglesandsmallspillage.Figure12 showsthatthisisparticularly

trueatMachnumbersgreaterthanabout2,forthen ~ forslender
cowlsisverysmallcomparedto CDA.

Thereisalsoa conflictingtrendwhencowlangleisconsideredin
relationtotheskin-frictiondrag. Iftheratioof inlettomaximum
frontalareaisgiven,a reductionin cowlangledecreasesthewavedrag
at f’dlflow,butitalsoincreasesthewettedareasadthustheskin
friction.Figure12 of reference1 showsthatfora skin-frictioncoeffi-
cientof0.0025,theoptimmcowlangles0 forratiosof inlettomaxi-
mumfrontalareafromO to 0.2arefrom3°to 4° forsupersonicMach
numbersbelow2. Fromthepracticalstand~oint,suchrelativelysmall
anglesarethesignificantonesbecausetheyminimizethewavedragand
stillarelargeenoughtopermittheenclosureof requiredequipmentin
an airframe.Forinstance,to assumean extremecase,thecompilation
ofaircraftdimensionsof reference1 (p.53) showsthata smsllratio
of inletareato fuselagemaximumfrontalareaforsupersonicfightersis
about1/8. Ifa finenessratioof 3 isassumedbetweentheinletand
maximumdiameterstations,theequivalentcowlanglewouldbe about6°.. Fora morerepresentativecaseofan arearatioof1/6anda finenessratio - -
of 4, theanglewouldbe aboutk“
be about3°.

; or,fora finenessratioof 5, itwould
.

As regardslipshape,thetabulationshowsthatthenetwavedrag
coefficientsof thesharpliyareconsiderablylesspercentagewisethan
thoseoftheellipticallipbothwithfullflow(30-_percentdifference)
andwithreducedflow(from12-to20-percentdifference).However,as
comparedto theeffectof cowl@e, thedifferencebetweenlipshapes
is small.At fti flow,theincreaseindragbetweenthesharpandellip-
ticallipson the5° cowlisequivalenttolessthana 1/2°increasein
cowlsagleatMachnumbersof1.4and1.8. Withreducedflow,thisdiffer-
enceinthechsmgein cowlpressure-dragcoefficient(

%
) duetolip

shapeisequivalenttoa 20 increasein cowlangleata chnumberof1.4,
anda 1° increaseat a Machnumberof1.8. Inpracticaldesign,lipshape
isdeterminedby compromisesinperformancethroughthewholerangeof
flightconditions.Forinstance,thesuperiorityof thesharplipindrag
at highflightspeedsmustbeweighedagainstthethrustlossitproduces
at thehighmass-flowratiosoftake-off.If oneassumesthetypicalair-
planedimensionsanddragcoefficientsof reference1 (p. 53), thediffer-
encesduetoliyshapethatweremeasuredinthisinvestigationareless
thm 2 percentof totalairplanedrag. Thisrathersmalladvantageof the

. sharplipat highspeedcouldbe overcomeby thedifferenceinpressure
recoveryinthestaticcondition,forin reference11,rounded,thinlips
areshowntoproduceabouta ~-percentgreaterpressurerecoverythana

.
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sharplip. Thedragin supersonicflightcanbe appreciablydecreasedby
relativelysmallreductionsincowlsingleevenifa lipshapethatis .
acceptablefromlow-speedconsiderationsisused.

— —

Aementionedpreviously,theaccuracyof thedragcoefficients
.

obtainedfromthisinvestigationwasnotof a veryhighorder.However,
theprecedingcompilationshowsthata highdegreeof accuracyisnot
requiredinthedeterminationofthedecreaseinCQW1pressuredragwith
reducedmass-flowratio.Forexample,thisdecreasefortheelliptical
lipshapewasnevergreaterthanabout15percentof thesumof thecowl
pressuredragatfullflowandtheadditivedrag. Thusan errorof 10or . 1
even20percentindeterminingAC% hasonlya fewpercenteffectonthe
netpressuredragofthepropulsionsystem.Theerrorsintheestimation
ofotherdragcomponentsofa completeairplanecaneasilyovershadowthis
inaccuracy,forthe-netpressuredragoftheEr.opulsionsystemundernormal
flightconditionsshouldbe a minorportionof thetotaldrag. Similarly,
themethodofFraenkelis sufficientlyaccurateforengineeringpurposes

AC
—

%topredictthequantity— forslendercowls;thatis,as shown~y
A(m=/mJ

figure13,thereisno significant--errorifFraenkellspredictionisused
forcowlangleslessthanabout5°.

—
—*

CONCLUSIONS ●

Thisinvestigationof thedecreasein cowlpressuredragwitha
decreaseinmass-flowratioforopen-noseinletsatMachnumbersfrom
1.3to 1.9hasproducedthefollowingconclusions:

1. Cowlangleis a dominantparameter,forlargereductionsincowl
pressuredragcanbe achievedatreducedmass-flowratioby changingthe
cowlanglefrom5°to 15°, However,thisdecreaseismorethanoffsetby
theincreaseddragatfullflowwiththegreatercowlangles. —

2. Forslendercowls(i.e.,cowlangleslessthanabout5°)the
theoryofFraenkel,whichdoesnotaccountforlipshape(R.A.E.Rep.
Aero.2380),providesanadequateestimationof theeffectofmass-flow
ratioon cowlpressuredrag.

3. Forslender.cowls,thereductionin cowlpressuredragwitha
decreaseinmass-flowratiobecomesinsignificantat flightMachnumbers
greaterthanabout2.

AmesAeronauticalLaboratory
NationalAdvisoryCommitteeforAeronautics

MoffettField,CalIf.,Mar.6, 1956
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